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度对 TS-1 结构和钛物种分布的影响。结果表明，当硅钛比为 35 且水解温度为





























剂制备条件为：硅钛比为 35，水解温度为 308 K（TS-135-308K）；优化的催化反
应条件为：溶剂为 N,N-二甲基甲酰胺（DMF），氧化剂为稀双氧水（H2O2），H2O2/
苯乙烯摩尔比为4.0，反应温度为333 K，反应时间为10 h，催化剂用量为200 mg。
















体为 TS-135-308K，金负载量为 1.0 wt.%，焙烧条件为 723 K 下焙烧 2 h；优化的
催化反应条件为：溶剂为 DMF，氧化剂为稀 H2O2、采用注射泵在 1 h 内逐滴加
入反应体系，反应温度为 333 K，反应时间为 10 h，催化剂用量为 500 mg。在该



















Nowadays, the applications of titanium silicate-1 (TS-1) molecular sieves and 
Au/TS-1 catalysts in the field of alkene epoxidation is becoming one of the most 
important research directions in catalysis, and has received tremendous attention from 
both the academia and industry. Not only the epoxidation of styrene is frequently used 
as a model reaction to understand the mechanism of asymmetrically terminal alkene 
epoxidation, but also the epoxidation product, styrene oxide (SO), is a valuable fine 
chemical and an important organic synthesis intermediate. The development of 
eco-friendly and efficient catalysts for the epoxidation of styrene is dramatically 
essential since there are too many drawbacks in the conventional synthesis methods. 
The excellent catalytic activities of TS-1 and Au/TS-1 catalysts have been reported by 
previous studies. The styrene conversion and SO selectivity are seriously depend on 
the structure and properties of TS-1 molecular sieves, while the presence of 
extra-framework Ti species in TS-1 is usually considered to hinder the catalytic 
activity. In terms of the supported gold catalysts, the controllable synthesis of gold 
nanoparticles (GNPs) and the further immobilization of GNPs are the priorities. The 
biosynthesis of stable GNPs with plant biomass is more economical and eco-friendly 
as compared to the conventional physical and chemical methods. However, to the best 
of our knowledge, there is no report has actually contributed to the catalytic 
application of biosynthesized GNPs in the reaction of styrene epoxidation to date. In 
the present work, TS-1 prepared by hydrothermal method and Au/TS-1 prepared by 
bioreduction method are both used as catalysts for the epoxidation of styrene. The 
influences of catalyst preparation factors and reaction operating conditions on the 
catalytic performance were systematically investigated in order to acquire the 
optimum condition. Besides, a variety of techniques including FT-IR, DRUV-Vis, N2 
Physisorption, XRD, XPS, TEM, TG and etc. were employed to reveal the 
relationship between the catalysts properties and their catalytic performance. 
Firstly, a series of TS-1 molecular sieves were successfully synthesized by the 
















temperature on the distribution of Ti species were investigated. Experimental results 
showed that anatase type extra-framework Ti species were formed when the Si/Ti 
molar ratio was 35 & the hydrolysis temperature was 308 K, and the value was 
determined to be 0.21 mol%, which meant that 22.0% of the Ti precursor formed 
anatase instead of replacing the Si atoms in the framework. Low Si/Ti molar ratio 
provided the excessive Ti atoms, at the same time, the degree of hydrolysis between 
Si source and Ti source became asynchronous when the crystallization solvent was 
maintained at a higher temperature. Consequently, anatase was produced before the 
partial Ti atoms could be incorporated into the framework, and the formed anatase 
might become highly dispersed both on the surfaces and in the tunnels of TS-1. In 
addition, although higher hydrolysis temperature could indeed cause the formation of 
extra-framework Ti species, it could also gradually destroy the crystalline phase and 
the MFI structure of TS-1 zeolites at the same time. 
Secondly, the as-prepared TS-1 zeolites were directly used as catalysts for the 
epoxidation of styrene without depositing GNPs. The results indicated that the 
synergistic interaction between the framework Ti species and the anatase type 
extra-framework Ti species in TS-1 was essential to achieving the extraordinary 
catalytic performance. Although the increasing amount of framework Ti species 
would lead to a higher styrene conversion, it had no positive effect on the stabilization 
of SO selectivity. Nevertheless, TS-1 with Si/Ti molar ratio of 35 and 0.21 mol% of 
anatase type extra-framework Ti species showed an unexpected extraordinary 
catalytic performance. Moreover, the adverse factors reported previously that 
attributed to the anatase type extra-framework Ti species such as carbon–carbon bond 
cleavage and the low H2O2 efficiency were not observed in our system. Optimization 
of catalyst preparation parameters manifested that Si/Ti molar ratio of 35 and 
hydrolysis temperature of 308 K (TS-135-308K) were optimum. Optimization of 
reaction conditions manifested that solvent of N,N-dimethylformamide (DMF), 
oxidant of aqueous hydrogen peroxide (H2O2), H2O2/styrene molar ratio of 4.0, 
reaction temperature of 333 K, reaction time of 10 h, catalyst amount of 200 mg were 
















selectivity of 84.8% were achieved. 
Thirdly, factors in biosynthesis that would influence the size and shape of GNPs 
were investigated. The reduction rate of Au3+ was found to be positively correlated 
with the amount of biomass in Cacumen Platycladi (CP) leaf extract. The size and 
shape of GNPs could be controlled by changing several parameters. Lower Au3+ 
concentration and higher amount of CP biomass, pH and reaction temperature were 
favour for the formation of smaller spherical GNPs, while bigger spherical GNPs and 
gold nanoplates were trend to form under the condition of higher Au3+ concentration 
and lower amount of CP biomass, pH and reaction temperature. 
Lastly, Au/TS-1 catalysts prepared by bioreduction method were used for the 
epoxidation of styrene. Experimental results showed that styrene conversion and SO 
selectivity were both increased to a certain extent when GNPs were immobilized onto 
TS-1. However, both the size of GNPs and the interaction between GNPs & TS-1 
support in our system had an optimum window. In addition, CP biomass was found to 
be an unfavourable factor in the epoxidation reaction although it acted as reductant 
and protective agents that preventing the aggregation of the GNPs during the catalysts 
preparation, since the residual CP biomass over the un-calcined Au/TS-1 catalyst 
would overlap some active sites and weaken the immobilization of GNPs, therefore 
inhibit the catalytic activity and catalyst reusability, respectively. Optimization of 
catalyst preparation parameters manifested that preparation method of hydrosol 
immobilization, gold hydrosol preparation and GNPs immobilization temperature of 
333 K, support of TS-135-308K, Au loading of 1.0 wt.%, calcination condition of 723 
K and 2 h were optimum. Optimization of reaction conditions manifested that solvent 
of DMF, oxidant of H2O2, H2O2 feeding mode of dropwise by a syringe-pump in 1 h, 
reaction temperature of 333 K, reaction time of 10 h, catalyst amount of 500 mg were 
optimum. Under the optimal condition, styrene conversion of 92.7% and SO 
selectivity of 90.4% were achieved. 
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